and its iron and cobalt derivatives have been studied by UV-visible absorption and magnetic circualr dichroism spectroscopy, electrochemistry and spectroelectrochemistry. Iron and cobalt complexes adsorbed onto a carbon electrode catalyze electroreduction of oxygen by two electrons to hydrogen peroxide over a wide range of pH values. Different from phthalocyanines, these compounds are conjectured to be protonated at nitrogens in pyrazino rings in concentrated sulfuric acid. Other results are stated in comparison with those reported for phthalocyanines.
Few reports have appeared on tetrapyrazinoporphyrazine (H2PyZ) and its metal complexes (MtPyZ)1, though there are many reports on porphyrins2 and phthalocyanines. 3 Very little is known about the physicochemical properties of H2PyZ mainly because of their low solubility in common organic solvents. We report herein some of their spectroscopic and electrochemical properties. As will be shown below, some properties are found to be similar to those of phthalocyanines, but properties which differ significantly are also found.
Experimental

Materials
H2PyZ was synthesized from 5,7-diimino-6H-pyrolo- [3,4-b] pyrazine according to the literature4 and crystallized from concentrated sulfuric acid (H2S04). Co-and FePyZ were prepared from pyrazine-2,3-dinitrile and CoCl2 or Fe(CO)5 by reacting in refluxing ethylene glycol5, and subsequent recrystallization from H2S04. Anal. Calcd for C24H10N16: C, 55. 18 3.64 ; N, 35.50%. A highly oriented pyrolytic graphite (HOPG) (Union Carbide Co.) was used as the working electrode of cyclic and differential pulse voltammetry. The area exposed to the solution was 0.22 cm2, and the HOPG surface was renewed at least two layers using Scotch tape just prior to use. The rotating ring-disk electrode (RRDE) consisted of a glassy carbon (GC) disk surrounded by a platinum ring mounted in a Teflon rod (Nikko Keisoku Co.). The area of the disk was 0.26 cm2. The collection efficiency was determined to be 0.33 with a ferrocyanide-ferricyanide redox couple at 100 rpm. The working surface was first polished with a piece of no. 2000 emery paper and then with alumina slurry (particle sizes 1 and 0.05 µm) and well rinsed with 1 M and 0.05 M H2S04, and with distilled water, before each run to maintain its efficiency in the detection of hydrogen peroxide (H202). A large platinum foil (5 cm2) was used as a counter electrode. A small rectangular optically transparent thin layer electrode (OTTLE) cell that contained a platinum minigrid as a working electrode and could fit into the cell holders of an absorption apparatus6 was employed for spectroelectrochemical experiments.
Potassium phosphate buffer (pH 9.0), dilute H2S04 (0.05 M, pH 1.0), and dilute NaOH (0.1 M, pH 13) were used as solvents for oxygen (02) reduction experiments.
Solvents for spectroscopy or spectroelectrochemistry (N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hexafluoroisopropanol (HFIP), and hexamethylphosphoric triamide (HMPA)) were either distilled or spectro-grade. Solutions for spectroelectrochemistry contained 0.3 M tetrabutylammonium perchlorate (TBAP) recrystallized from absolute ethanol as a supporting electrolyte.
Catalyst coated electrodes were prepared by immersing the freshly prepared GC or HOPG surface in either DMSO (CoPyZ) or concentrated H2S04 (FePyZ) solution of a porphyrazine concentration of approximately 5X105 M.' The coated electrodes were washed with ethanol and distilled water.
Measurements
Electronic absorption and magnetic circular dichroism (MCD) spectra were recorded, respectively, on a Shimadzu UV-250 spectrophotometer and a JASCO J-500 spectrodichrometer equipped with an electromagnet which produced magnetic fields up to 1.17 T. MCD magnitude was expressed in terms of molar ellipticity per T, [8] M/ 105 deg mol-' dm3 cm-' T-'. Cyclic potential sweeps were generated by an NF circuit design block FG-100AD function generator in conjunction with a potentiostat which was built according to the literature.8 Differential pulse voltammetry was performed with a Yanaco Model P-1000 voltammetric analyzer. An electrode rotator (Nikko Keisoku Co. RRD-1) was used for RRDE experiments. Nitrogen (99.9% pure) was used for deaeration of all solutions, and 20 min of vigorous pure 02 bubbling was conducted in order to saturate solutions with oxygen.
Results and Discussion
Electroreduction of oxygen at Go-and FePyZ adsorbed electrode Figure 1 shows cyclic and differential pulse votammetric responses at Co-and FePyZ adsorbed electrode in nitrogen saturated (deaerated) or oxygen saturated solution at several pH values. Since the redox couples of cobalt or iron in Co-and FePyZ could not be discerned by cyclic voltammetry (CV), more sensitive9 differential pulse voltammetry (DPV) was used to detect them in deaerated solutions. A wealth of data10 suggest that cathodic peaks in DPV diagrams (curves a) correspond to Co"~' or F&'' couples. When oxygen was introduced into the above deaerated solution, curves b were recorded. Generally, one or two cathodic peaks were observed, and the onset potentials of the first catholic peaks are nearly equal to Co" 1' or Feu1' potentials (curves a). The amount of the catholic peak current was proportional to the square root of scan rate and to the 02 concentration, indicating that the currents are controlled by diffusion of oxygen.9 Currents at (the first) cathodic peaks attained 1.8±0.1 electrons at pH 1, 9 and 13 for FePyZ adsorbed electrode and at pH 9 and 13 for CoPyZ adsorbed electrode. In order to analyze the catalytic current more quantitatively", the RRDE method was employed (Fig. 2) . Since we assumed H202 as an intermediate compound, ring potentials were set at relatively positive potentials so that the generated H202 can be reoxidized to 02 (for details, see the caption to pating in the reaction, Faraday's constant, the electrode area in cm2, the diffusion coefficient of 02, the 02 bulk concentration, the kinematic viscosity of water, and the rotaion speed, respectively. The following values were used: D=1.7X10-5 cm2 s',12 c=1, 1 and 1.2 mM13 at pH 1, 9 and 13, respectively, v=0.01 cm2 s-1,6,12 and w=13.3ic rad s-'. The observed disk currents attained ca. two electrons at potentials where ring currents recorded maxima.
As seen in the response at pH 9, occasionally more disk current and less ring current were recorded at more cathodic potentials than these potentials, indicating that a part of the generated H202 is further reduced to water6,'3"4 in these potential range. But the extent of H202 reduction is generally small. In particular, it is noteworthy that FePyZ catalyzes only by two electrons to H202 even at alkaline pH, since it has been established that iron porphyrins and phthalocyanines are active, in alkaline media, in the fourelectron reduction to water.6"5
The above data allow us to explain electroreduction of 02 at CoPyZ and FePyZ adsorbed electrodes by the following electrochemical (EC) catalytic regeneration mechanism:
where Mt=Fe or Co. Such a clear EC mechanism is quite rare in cobalt catalyst adsorbed systems.1ok,12
UV visible absorption and MCD spectroscopy in the absence and presence of applied potential Figure 3 (A) shows the absorption and MCD spectra of H2PyZ in HMPA (curves a), HFIP (curves b), and concentrated H2S04 (curves c). The spectra in HMPA are, especially in the Q band region, close to those of metallated phthalocyanines, suggesting that inner two protons are equally shared by four pyrrole nitrogens.2 In contrast, the spectra in HFIP are similar to those of D2h phthalocyanines. 16 Compared to the spectra of D2h phthalocyanines, the Q and the Soret band appeared at shorter wavelengths by ca. 50 and 20 nm, respectively, indicating that the effective iv conjugated system is smaller3d,16 than those in phthalocyanines.
The spectra of Fe-and CoPyZ in concentrated H2S04 are collected in Fig. 3(B) . Concentrated H2S04 was the one and only solvent which could dissolve all of the compounds in the present study. Although the spectroscopic shape of the CoPyZ is slightly deformed, it retains the characteristics of metallated phthalocyanines with D4h symmetry,16 From the dispersion type MCD spectra (Faraday A terms), it is seen that both Co-and FePyZ have at least two transitions between 300 and 400 nm. The main Q bands appear between 620 and 650 nm. The positions of the main Q band of H2PyZ in HMPA (Fig. 3(A) ) and CoPyZ in DMSO (Fig. 4) are also in this region. In the case of phthalocyanines", Q bands shift to a wavelength longer by more than ca. 100 nm by the change of solvent from, for example, DMF, DMSO and HMPA to concentrated H2SO4." This phenomenon has been explained by the protonation of outer methine nitrogens." "8 Accordingly, the non-shift of the Q band of MtPyZs (Mt=H2 and Co) by the change of solvent from HMPA or DMSO to concentrated H2SO4 suggests that MtPyZs are not protonated at outer nitrogens even in concentrated H2SO4. However, it is also true that MtPyZs are quite soluble in concentrated H2SO4. Hence, it is conceivable that MtPyZs are protonated at nitrogens in pyrazino rings in concentrated H2SO4. Polarization of a solution of CoPyZ in DMSO in the OTTLE negative of the first reduction couple results in the spectroscopic changes shown in Fig. 4(A) . The spectrum is typical of that for Co' phthalocyanine derivatives characterized by the appearance of a strong band'oa-i at ca. 500 nm, assigned as a metal-to-ligand charge transfer from Co'[d(xz, yz)] to ic*(lb,u),loa and a red shift and decrease in intensity of the Q band. The reduced species is fully reversible to the starting material by oxidation at 200 mY positive of the first reduction couple.
Polarization at 200 mY negative of the second reduction couple results in generation of a pink solution, the spectrum of which is shown in Fig. 4(B) . Absorption spectroscopic change from the spectrum of the first reduction product is small, as shown by Clack and Yandle for the chemical formation of C& phthalocyanine anion in DMF.10g However, this change is more clearly observed in MCD spectra (Fig. 4(C) ). As shown, a Faraday A term in the Q band shifts from ca. 600 to ca. 670 nm, and another Faraday A term associated with the broad absorption band at around 500 nm19 becomes clearer by the formation of the second reduction product.
When we compare the spectra of reduced species of CoPyZ with those of cobalt phthalocyanines'o"6, we can note the following facts. i) The Q bands lie in a shorter wavelength for CoPyZ by ca. 30 nm. However, ii) a charge transfer transition from Co'(d(xz, yz)] to j*(lb,u) occurs at a longer wavelength for CoPyZ by ca. 20 nm. Since the difference between CoPyZ and cobalt phthalocyanine lies solely in the ligand, fact ii) suggests that the energy level of lb,u(m*) orbital of tetrapyrazinoporphyrazine core is lower than that in phthalocyanine core.
In summary, we have described some solution properties • of tetrapyrazinoporphyrazine and its iron and cobalt complexes. Because of their low solubility, many experiments could not be performed. However, the following representative results were obtained. i) Electroreduction of oxygen at Co-and FePyZ adsorbed electrode proceeds by two electrons to hydrogen peroxide over a wide range of pH values; the reaction could be explained by an electrochemical catalytic regeneration mechanism. ii) The effective t conjugated system is smaller than in phthalocyanine.
ii) The energy level of lb,u(2r*) orbital of H2PyZ is lower than that of phthalocyanines. iv) In concentrated H2SO4, nitrogens in pyrazine rings appear to be protonated, although the methine protons are known to be protonated in the case of phthalocyanines." "8 
